The effects and safety of electron beam irradiation (EBI) treatment on the detoxification of aflatoxin B 1 (AFB 1 ) in the peanut meal were evaluated in this article. The AFB 1 degradation was predominantly affected by both initial AFB 1 and water concentrations. The degradation of AFB 1 in the selected concentrations (0.5-5 ppm) was proven to follow pseudo firstorder reaction kinetics (R 2 > 0.95). The AFB 1 degradation was faster when the initial concentration was 5 ppm and the moisture content was 21.47%, in comparison with the initial concentration of 1 ppm and 0.5 ppm and the moisture content of 14.32% and 8.74%, respectively. The Ames and cytotoxicity tests were employed to evaluate the residual toxicity of EBI-treated peanut meal. The mutagenic activity of EB-treated samples was completely lost compared with that of untreated samples and the degradation products in peanut meal has almost no cell toxicity.
Introduction
Aflatoxins (AFs), which are secondary metabolites of Aspergillus flavus and Aspergillus parasiticus, are a group of highly toxic, mutagenic, and carcinogenic compounds. [1] Aflatoxin B 1 (AFB 1 ) is the most potent teratogen, mutagen, and hepatocarcinogen among the various AFs, and is classified as a Group 1 carcinogen by the International Agency for Research in Cancer. [2, 3] AFs may be a problem in many countries, but are especially prevalent in tropical and subtropical regions, where the temperature and humidity are optimum for the growth of the molds and the production of the toxin. Many important crops, specifically peanuts, are susceptible to such contaminations. [4] Peanut meal, which is a by-product of peanut oil with 43.7% protein, is only used for animal feed, due to the contamination of AFs. The most rational and economic approach to avoiding hazards associated with AFs is to prevent food contamination by toxigenic fungi. However, this is not always possible under certain agronomic storage practices. One major concern is the salvation of food and feed stuff that were already contaminated by toxic fungal metabolites via removal or degradation procedures. [1] Physical, chemical, and biological approaches are available for the detoxification of AFs. [5] [6] [7] [8] Compared with the chemical and biological methods, the physical decontamination of AFB 1 seems more promising, such as ozonation, [6] low-temperature radio frequency plasma, [8] UV irradiation [9] etc., which have gained practical applications and have been reported capable of effectively degrading AFB 1 in artificial systems or real foods. Electron beam irradiation (EBI) technology, an advanced and novel processing method using nuclear technology, can be applied to destroy organic molecules through direct or indirect oxidation. [10] [11] [12] [13] The advantages of EBI processing include short processing time, in-line processing, high effectiveness, few variables, low heat, low equipment costs, and dosage control. [14] EBI has been proven as an effective method in AFs degradation in coconut agar. [15] However, it is uncertain whether EBI could be used in peanut meal detoxification, as the exact nature of the radiation products and the toxicity of the degradation products remain unknown.
In our previous research, the effectiveness, nature, and safety of different AFB 1 degradation products were determined in various media. [16] [17] [18] In this study, the efficiency, degradation kinetics, and mutagenesis of degradation of AFB 1 in peanut meal were evaluated. 
Materials and methods

Chemicals and reagents
Preparation of peanut meal with AFB 1
Standard stock solutions of 200 µg/ml AFB 1 were stored, and then 1, 2, and 10 µg/ml of AFB 1 acetonitrile solution were prepared according to Liu et al. [9] In the degradation experiments, 5 ml of AFB 1 acetonitrile solution was mixed thoroughly with 10 g of peanut meal (no AFB 1 detected). The mixture was then vaporized in drying cabinet at 37°C to remove the acetonitrile and to finally obtain dry peanut meal.
Different moisture in peanut meal
The water was uniformly sprayed on the dry peanut meal containing AFB 1 , and then dried in the darkness to reach moisture contents of 21.47%, 14.32%, and 8.74%. The air oven method was used to measure the moisture content of peanut meal samples. Each sample (2 g) was dried in an oven (Binder, FP115, Germany) at 105°C for 6 h.
Degradation procedure using EBI
Peanut meal samples containing various concentrations of AFB 1 were irradiated at 4°C using an industrial electron accelerator, 5 MeV (Wuxi EL PONT Radiation Technology Co., Ltd, Wuxi, China) with a current of 20 mA, a scan width of 1000 mm, and a dose rate of approximately 2 kGy/s −1 . The irradiation equipment and operation conditions are same as described in the work done by Wang et al. [8] Temperature and pressure were controlled during the irradiation. Negative experiments without EBI were performed in parallel under the same conditions.
Analysis of degradation products
After EBI treatment, the peanut meal samples were steeped in three volumes of acetonitrile and the degradation products were dissolved in acetonitrile. AFB 1 was two times extracted from samples with equal volume of acetonitrile, and the average recoveries of this method are 92.07-103.25% (n = 6). The acetonitrile extracts were analyzed by ultra performance liquid chromatography (UPLC) tandem with time-of-fight mass spectrometry with MS data-acquistion mode (UPLC-Q-TOF MS). UPLC was performed on a Waters (Milford, MA, USA) Acquity. According to Liu et al., [16] they briefly introduce experimental conditions. The acetonitrile containing AFB 1 degradation products was simultaneously dried under a jet of nitrogen and dissolved in DMSO for a safety evaluation.
Ames test for mutagenesis
The S9 Enzyme Activation Kit was obtained from EPBI (Ontario, Canada) and the total concentration of protein was 51.4 mg of protein per ml. In the mix, the final concentration of S9 was 300 µg/ ml. The Ames test was operated using previous study by Liu et al. [9] Samples, including untreated and EBI-treated trials, were re-dissolved in DMSO to give quantities of approximately 5, 10, 20, and 40 ng AFB 1 per tube.
Cytotoxicity test
HepG2 cells were cultured as described by Liu et al. [9] and treated by original and degraded AFB 1 at 100 μM for 24 h. In brief, AFB 1 and its degradation products were dissolved in DMSO and added to the culture media. The final concentration of DMSO in the media was less than 0.1%. All compounds were visibly soluble in the media and were detected by UPLC to confirm the concentration. Cell viability was determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay [9] (Gibco Life Technologies).
Experimental design and statistical analysis
The samples were tested three times for each independent experiment. The data were assessed using analysis of variance, and a means of comparison was performed with the Dunnet test using the Statistical Analysis System. [19] Results and discussion
Degradation of AFB 1 at various initial concentrations
The effect of initial concentration on the degradation of AFB 1 by EBI treatment is presented in Fig. 1 . The initial concentrations of AFB1 were 0.5 ppm, 1.0 ppm, and 5.0 ppm, and there was no detectable difference shown in the blank experiment with different concentrations (results exemplified by that pertaining to an initial concentration of 0.5 ppm shown in Fig. 1) . Therefore, the declines of AFB 1 quality can be observed in the AFB 1 degradation curve during the degradation process. All degradation kinetics of AFB 1 by EBI treatment can be described as a dynamic first-order kinetics model. Three degradation curves showed that the kinetics of the degradation of the degradation of AFB 1 in EBI were better described with dynamic firstorder kinetics model. Although the degradation behavior of AFB 1 in the current study was similar as the AFB 1 treated by the low-temperature plasma, the efficiency of two methods was not comparable, because of different operation conditions. [8] 
Degradation of AFB 1 at different concentration of water in peanut meal
The degradation of AFB 1 induced by water content in the peanut meal is shown in Fig. 2 . The initial concentration of AFB 1 was 1 ppm, and water concentrations in the peanut meal were 8.74%, 14.32%, and 21.47%. With the increase of water concentration, the degradation rate was raised (Fig. 2) . Thus, the degradation rate of AFB 1 negatively correlated with the water content in peanut meal. 
Degradation kinetics of AFB 1
The plot of ln (C t /C 0 ) versus irradiation dose is given in Fig. 3 , for AFB 1 at different initial concentrations and different water concentrations, and the deduced parameters are listed in Table 1 . The linear relationship between ln (C t /C 0 ) and irradiation dose indicates that the degradation followed a pseudo first-order kinetics well (R 2 ≥ 0.95), given by the equation: where C 0 and C t are the concentrations at times 0 and t, t is the irradiation time and A & B are the pseudo first-order rate constants. It was found that the values of A and B dramatically changed when different initial AFB 1 and water concentrations in the peanut meal were used ( Table 1 ). The degradation rate of AFB 1 was decreased in the order of 5 ppm > 1 ppm > 0.5 ppm of initial AFB 1 concentrations and 21.47% > 14.32% > 8.74% of water contents in the peanut meal. Therefore, the degradation of AFB 1 strongly depends on the initial AFB 1 and water concentrations in the peanut meal.
Degradation products of AFB 1 in peanut meal
Since AFB 1 could be degraded to water-soluble or more polar products, [20] acetonitrile was used to extract the degraded products, which were analyzed by UPLC-Q-TOF-MS. However, Fig. 4 did not reveal the formation of any degraded products, suggesting that AFB 1 was most likely broken down to products with chemical properties different from that of AFB 1 . This result is different from the degradation of AFB 1 in water and acetonitrile solution under UV irradiation, as detected in our previous articles. [21, 22] A postulated mechanism for this reaction could involve a cleavage of the double bond on AFB 1 , as a consequence of the EBI treatment ( Fig. 5 ). After the formation of primary ozonide, this product may rearrange to a molozonide derivative to yield a variety of carbonyl compounds (e.g., aldehydes and ketones). The proposed degradation pathway indicates that R- Table 1 . Parametric equations of AFB 1 degradation at different initial concentrations in the peanut meal.
Initial concentration (mg/kg)/moisture content (%)
Parametric equation A B R 2 0.5 mg/kg C t /C 0 = e -(0.00181+0.00094×Dose) 0.00181 0.00094 0.97532 1.0 mg/kg C t /C 0 = e -(0.02438+0.00117×Dose) 0.02438 0.00117 0.97998 5.0 mg/kg C t /C 0 = e -(0.07485+0.00149×Dose) 0.07485 0.00149 0.95652 8.74%
C t /C 0 = e -(0.02438+0.00117×Dose) 0.02438 0.00117 0.97998 14.32%
C t /C 0 = e -(0.03735+0.00307×Dose) 0.03735 0.00307 0.96772 21.47%
C t /C 0 = e -(0.05894+0.00458×Dose) 0.05894 0.00458 0.95358 COOH, R-CHO, R-CO-R′, and CO 2 were not detected in this study. The minor compounds in Fig. 5 might be the final degradation products of AFB 1 from UV irradiation treatment on the peanut surface, which is in agreement with the previous report. [20] Ames test for mutagenicity
The dose-response of AFB 1 mutagenicity in tester strains TA98 and TA100 (named untreated extract) is shown in the oblique line part on Fig. 6 . The spontaneous mutation rates (0 ng per tube) were 20-70 and 70-150 revertant per plate for TA98 and TA100, respectively, which are in agreement with those of Maron and Ames. [23] The mutagenic response of Salmonella typhimurium tester strains TA98 and TA100 are presented in Fig. 6 . AFB 1 concentrations at 5, 10, 20, and 40 ng per tube were used as positive control mutagens for mutation induction (medium lineaobliqua), which agreed with previous results. [24] Numbers of revertantin EBI-treated samples with initial quantities of 5, 10, 20, 40 ng per tube (dense graticule) were reduced to~46 for TA98 and~115 for TA100, respectively, which is in agreement with the study of Méndez-Albores. [20] The numbers of revertant are significantly lower than the numbers of the corresponding untreated samples, and are within the ranges of the spontaneous revertant count (negative control). The proposed reason for this is that the minor compounds have lost the toxic structure to induce the toxicity at the same time (shown in Fig. 5 ).
Cytotoxicity test
Cell viability in the presence of AFB 1 and its degradation products were assessed by the MTT assay. After the incubation for 24 h, the viability of HepG2 cells decreased in a concentrationdependent manner with the increase dose of AFB 1 (0-100 μM) (Fig. 7) . The viability of HepG2 cells was reduced nearly 50% after treatment with 100 μM AFB 1 , compared to that of untreated cells (0 μM) (p < 0.001). However, both the untreated cells and cells with degraded products performed similar viabilities. There is a significant difference on the mortality rates of HepG2 cells that presented in the AFB 1 degraded products in the peanut meal (p < 0.01).
Conclusion
This study demonstrated that the EBI treatment was able to significantly degrade AFB 1 in the peanut meal. The initial AFB 1 and water concentrations in the peanut meal greatly impacted the AFB 1 degradation rate. The degradation of AFB 1 at the selected concentrations was proven to follow pseudo first-order reaction kinetics (R 2 > 0.95), and the AFB 1 degradation rate was lowered as the initial AFB 1 and water concentrations decreased. The Ames and cytotoxicity tests were employed to evaluate the residual toxicity of the AFB 1 sub-products in the peanut meal, and the results indicate that the mutagenic activity and the cytotoxicity of EBI-treated samples were completely diminished, in comparison with that of untreated samples. Overall, EBI treatment is a potentially applicable method to effectively and safely degrade the AFB 1 in the peanut meal. 
